I hypothesize that predation on newborn young represents a seasonal analog to time-lagged predator-prey cycles and can cause directional selection against late birthing. Newborn offspring represent an irruption of vulnerable prey to which predators can respond by adapting their search efforts to find and capture these prey. Those born early would be the 1st to achieve the size or mobility necessary to escape predators. Simple models of predation on moose calves were used to demonstrate how changes in predator efficiency as newborns appear, combined with a short period of offspring vulnerability, would produce selection against late birthing. Of the 9 published studies of mammals, 6 showed evidence of selection against late-born young that could be driven by predation on neonates. If true, this hypothesis has consequences for the way we interpret evidence for ''predator swamping'' and optimal birthing periods in mammals and other taxa with synchronous reproduction.
The degree of synchrony in birthing dates is an intriguing aspect of reproduction in mammals. Such patterns are usually ascribed to selection pressure exerted by bottom-up (nutritional) and top-down (predation) mortality factors, with the belief that the observed pattern represents a compromise to opposing selective forces that maximizes survival of young (Estes 1976; Kie 1999; Linnell et al. 1995) . Widespread occurrence of birthing synchrony implies that stabilizing selection on birthing date should be widespread, but there are examples of directional selection favoring early births (Clutton-Brock et al. 1987; Smith and Anderson 1996; Testa et al. 2000) . Predation on neonates is usually cited as a factor selecting for birthing synchrony as a result of ''predator swamping,'' in which predators are most effective at low densities of vul-* Correspondent: ward.testa@noaa.gov nerable neonates but become satiated and their impact reduced during the peak of birthing (Estes 1976) . Such an effect depends heavily on behavior of predators and duration of vulnerability of newborn prey.
I hypothesize that in seasonally reproducing organisms such as mammals, predation on neonates tends to create directional selection against late birthing and that it represents a seasonal analog to timelagged predator-prey cycles (Hanski and Korpimaki 1995; May 1981; Rohner 1995) or predator pits (Gasaway et al. 1992; Messier 1994) . By this analogy, newborn young represent an irruption of vulnerable prey to which predators can respond by moving to areas or habitats of highest density of newborns and by adapting their search and capture efforts to capture them more efficiently. This irruption of vulnerable prey subsides with the decline in new births, with their decreasing vulnerability as they grow, and sometimes with the accumulating mortality of young, while locally increased abundance and increased efficiency of predators accentuate their impact on the most recently born young. The timelagged nature of this interaction is caused by birthing synchrony and a relatively narrow window of prey availability, combined with the imperfect knowledge that predators initially have of neonatal prey and their increased hunting efficiency once that knowledge is improved. This could be a common feature of neonate mortality patterns wherever mobile, intelligent predators play an important role in neonate mortality. My objectives in this paper are to test the logic of this hypothesis with simulations, comparing model behavior with birth date and mortality data from moose (Alces alces) in southcentral Alaska, and to review evidence relevant to the hypothesis from mammalian literature.
MATERIALS AND METHODS
From 1994 to 2000, radiocollared moose were monitored from fixed-wing aircraft daily during their birthing season (from 15 May to 15 June) in a 4,200-km 2 area of south-central Alaska. Capture and monitoring of moose were described by Testa et al. (2000) . Mortality was determined daily for several weeks after birth in 1994 (Testa et al. 2000 and monthly from 1998 to 2000. Mortality of newborn calves was high, averaging 73% during 1994-1997 (Testa et al. 2000) . Ballard et al. (1991) found that predators (mostly brown bears, Ursus arctos) in the same area killed roughly 50% of newborn calves and accounted for Ͼ80% of mortality in the summers of 1977-1979 and 1984 . Predator load (ratio of predators to prey) and calf mortality were even higher during this study, but causes of mortality were not determined (Testa et al. 2000; Testa, in litt.) . To provide data on timing of births for simulations and birth dates with respect to mortality for comparison with model outputs, birth dates of all single calves born to radiocollared moose in the above-mentioned time period were compiled along with their mortality in summer. Twins were excluded to keep the models and comparisons as simple as possible. A slightly skewed birthing distribution occurred because a few calves were conceived late, presumably during the female's 2nd estrus (Schwartz et al. 1994) . To facilitate comparison of actual data with simulations that used normally distributed birth dates, calves born after 10 June were excluded. Dates were converted to days after 30 April.
Key elements in the proposed mechanism are a change in predator behavior as newborn prey become available and a limited window of vulnerability for those prey. The 1st element is driven by delay in a predator's knowledge of prey availability and by changes the predator can make in its effectiveness after learning that the prey have ''arrived.'' The 2nd is the result of growth of newborns and development of strength, size, or other age-related features that allow them to escape predators. Models were formulated to explore these 2 elements and to simulate interactions on a daily basis during the birthing season.
I simulated a population of parturient prey whose single offspring were hunted by predators in a manner emulating the interaction of moose and brown bears (Testa et al. 2000) . Deterministic simulations were programmed in spreadsheet form (Microsoft Excel). Corroboration of those results and more detailed patterns in mortality and predation rates were obtained with stochastic, individual-based simulations (1,000 prey, 50 predators, and 1,000 replicates) written in BASIC. Simulated births were normally distributed with mean and SD closely matching those observed among radiocollared moose in the Nelchina Study Area of south-central Alaska (Testa et al. 2000) .
Daily probability of mortality of each moose calf (M) was simply the product of number of predators (P), probability of each calf being encountered by each predator (E), and probability of the calf being killed once encountered (K). Product of E and number of moose calves would equal probability of a predator finding a calf that day. Declining vulnerability of calves was modeled as a linear function of age in days (d) up to a maximum age at which predators could catch calves (A): K ϭ 1 Ϫ d/A. Assumption of linearity is supported by my data from moose (Testa et al. 2000) , but any function in which vulnerability declines with age over the periods considered here should produce a similar effect.
The behavioral element of changing predator FIG. 1.-Resulting differences in mean birth dates between offspring that survived and those that were killed by predators, based on simulation models where the searching efficiency of individual predators increased the probability of encountering an individual prey by the factor shown after the predator's 1st kill (see ''Materials and Methods''). Total mortality was held at 20%, 50%, or 80% of all offspring born. efficiency was modeled by increasing the encounter rate of individual predators by a scalar multiplier (s) after their 1st kill: M ϭ s ϫ P ϫ E ϫ K. The models allowed varying rates of encounter probability between a predator and prey, whereas fate of offspring when encountered by a predator was determined by its age. In the deterministic model, all prey were available to be encountered by each predator, and proportions killed were the same as probabilities defined in the aforementioned equations. To speed simulation times in the stochastic model, I limited the number of prey exposed to a particular predator to one-tenth of the total prey population and increased E for each predator by the same factor, 10. In this way the probability of each prey encountering a predator was equivalent between models, and the same mortality and killing rates occurred. Results of stochastic simulations were not sensitive to varying of these limits on interactions. The models assumed a constant rate of decline in vulnerability from age 0, when all encounters with predators were fatal to the newborn, to an arbitrary age that could be varied in the model to control the window of offspring vulnerability to predation. This window was fixed at 50 days, similar to that previously observed (Testa et al. 2000) , for initial simulations examining the effect of predator efficiency. It was then varied to determine its effect on optimum birthing. Models were iterated daily until offspring mortality was 0.
The key element in the proposed hypothesis, that predators are naïve to the presence of neonates at the start of birthing and change their behavior after vulnerable prey are detected, was simulated by increasing the probability of encounter for predators after they have killed their 1st neonate. Such an increase could occur for many reasons, including individual behavioral changes of search image or effort, or predators becoming aggregated in response to prey concentration. The relationship between this multiplier (s) and birth dates was examined while keeping total mortality to predators constant (i.e., baseline encounter rates [E] were reduced as efficiency of successful predators [s] was increased to keep total mortality constant for the season). Effect of increasing predator efficiency after the 1st kill was evaluated by the difference in birth date of surviving offspring in comparison with that of those that died, a likely metric when testing the hypothesis with real data.
A 2nd factor affecting selection on birthing date is length of offspring vulnerability (A). If A is short relative to the period over which births occur, more early-born offspring are likely to escape predation before predators reach maximum efficiency in hunting neonates. To evaluate this effect, simulations were conducted at a mortality rate of 50% while varying A by multiples (2, 4, 6) of SD of normal birthing dates.
RESULTS
After excluding 15 calves born after day 40 (all but 1 of which died), mean birth date of single calves in the study area from 1997 to 2000 was 25.5 days (SD ϭ 5.5, n ϭ 248) after 30 April. Mean birth date of the 86 surviving calves was day 24.3 (SD ϭ 5.5), 1.8 days earlier (t ϭ 2.54, d.f. ϭ 246, P ϭ 0.01) than that of calves that died before autumn.
In deterministic models, difference between mean birth dates of surviving and depredated calves increased in the predicted manner when efficiency of predators increased after their 1st kill (Fig. 1) . These initial simulations incorporated a distribu- tion of birth dates and window of vulnerability similar to those of my sample of radiocollared moose, and model differences between mean birth dates of killed and surviving offspring approached those observed only when predator efficiency was greatly increased after a kill (Fig. 1) . When encounter rates were adjusted to produce the observed mortality rate (73%), the pattern of daily mortality, characterized by a delay in peak mortality until after peak of birthing (Testa et al. 2000) , was similar to that observed (Fig. 2) .
Effect of changing predator efficiency was highly dependent on period of vulnerability (A). Differences in birthing dates between calves surviving and those killed easily exceeded 1 day, with moderate increases of predation efficiency (2-to 5-fold) when A was Ͻ6 SD in birth dates (Fig. 3) .
DISCUSSION
Models developed here suggest that selection for earlier births can result if the hunting effectiveness of individual predators is delayed relative to the appearance of vulnerable neonates in synchronized birthing seasons. Moreover, the effect is on relative birth dates, and the selective force of predation on birth dates over generations of prey would be cumulative, absent opposing selective forces. The optimum birth date in any given year would always be earlier than that occurring and might push heritable variation in birth timing to the earliest possible date until opposing selective forces stabilize birth timing. After multiple generations, overall impact could be much greater than the annual differences modeled here, depending on the strength of opposing selective forces. In an aseasonal environment, where birthing synchrony is favored but seasonal constraints on birth timing are absent, timing of births might constantly shift in response to delayed predation on newborns. The shifting, aseasonal birthing of Australian sea lions, Neophoca cinerea (Higgins 1993) , may represent such an adaptation in response to predation on young when they leave pupping colonies.
The time delay in search efficiency of predators depends on baseline encounter rate (E), as well as on the multiplier (s) in this model. Very high encounter rates per predator (E times the number of prey available) would shorten response time and lessen time delay and selection on birthing date. This was not explored here because such high rates of encounter produce extremely high, unrealistic kill rates under the assumption of high vulnerability at birth (which appears likely for moose calves depredated by brown bears). Other assumptions could be made that would allow this aspect to be explored. The relationship between length of neonate vulnerability and selection against late birthing date exerted by predators also leads to the prediction that the effect should be strongest in species with the most precocial young, to the extent that such behavior implies ability to escape predators. This conforms to ''followers'' in the ''hider-follower'' dichotomy of reproductive strategies (Estes 1976 ), but the hiding strategy could still produce a short window of vulnerability in which predators act (O'Donoghue and Boutin 1995; Twigg et al. 1998) .
Although no published accounts of changes in predator efficiency are available to establish an objective context, the modeled increase in predation efficiency required to produce the differences in birth dates observed in Alaskan moose was a factor of 10 over the baseline efficiency of naive predators. Other factors may also be involved in selection pressure against later births in the moose studied here. Late emergence of brown bears from their dens and prey-switching by predators that pursue caribou (Rangifer tarandus) calves early in the season may also give advantage to earlyborn offspring in May and June. Brown bears in Denali Park, Alaska, seemed to be ineffective in capturing of caribou calves after the calves reached only 10 days of age (Adams et al. 1995) , possibly because of the highly precocial nature of caribou calves.
In reviewing recent literature (Table 1) , I found only 9 examples that contained details on birthing dates, causes of mortality shortly after birth, and sufficient sample size (n Ͼ 50) to expect that the effects of birth date on mortality could be detected. Six of these showed evidence of selection against late-born young in the 1st month or more of life (30 days to 5 months, depending on the study). In 2 of the cases, where little or no selection against late-born young was seen, mortality was low (3% and 15%). Adams et al. (1995) reported higher mortality in both early and late-born caribou in Denali National Park, Alaska, where predation was moderate (44%). In this case, it appears that only wolves (Canus lupus) behaved as predicted, whereas bears had a greater impact on early-born caribou. In another population of Alaskan caribou with moderate mortality, P. Valkenburg (pers. comm.) found selection against late-born calves in 1 year but the opposite in another. Selection against late-born red deer (Cervus elaphus) on the island of Rhum, United Kingdom (Clutton-Brock et al. 1987) , is surprising because predators were few and summer mortality was low. However, predation by golden eagles (Aquila chrysaetos) in the 1st 6 years of that study (Guinness et al. 1978) was earlier reported as a significant component of the mortality of neonates and may be underestimated. Only 2 studies attempted to separate the effect of birth dates on predation from other factors. Smith and Anderson (1996) found that black bears (Ursus americanus) had the greatest effect on early-born elk (C. elaphus) in northwestern Wyoming, but the authors attributed this to predation in a single year when plant phenology was delayed and may have affected the availability of alternative foods for black bears. Selection occurred against late-born elk in nearby Yellowstone National Park (Singer et al. 1997) , where predation pressure was greater.
This brief review of the literature is probably not representative of juvenile mortality studies for several reasons. Although I made no attempt to limit the search by mammalian orders, ungulates dominate Table 1. This is probably the result of methodological constraints on studies of neonate mortality (e.g., size of radiocollars, size of neonates, accessibility). It is also likely that many tests for the effect of birthing dates on survival go unreported when results are negative or effect is unnoticed. I found many studies in which data were collected in ways that could have been used to test the hypothesis, but the reported analyses assessed other questions and were not appropriate for this purpose (Keech et al. 2000; Whitten et al. 1992) . I excluded cases where I judged that sample sizes were too small (n Ͻ 50) to provide powerful tests, and these usually reported little effect of birth date on mortality (Boinski 1987; Bowyer et al. 1998b; Hass 1989; Kunkel and Mech 1994) . I also excluded 2 contradicting studies in which selection against early births was implied but was confounded with greater vulnerability of the early-born sex (Aanes and Andersen 1996) An important consequence of a delayed effect of predation on neonates is the expectation of mortality patterns arising from the strategy of predator swamping (Estes 1976; Estes and Estes 1979) . Predator swamping might produce stabilizing selection against early-and late-born young, as commonly suggested (Estes 1976; Estes and Estes 1979; Ims 1990; Rutberg 1987) , or heightened predation on either tail of the birthing distribution (not necessarily on both tails). I suggest that predator swamping can provide protection to peak-born young, but the heaviest mortality could still occur among late-born young because of inherent time delays in predator behavior during irruption of vulnerable, newborn prey. Absence of heavy mortality of early-born young is not necessarily evidence against predator swamping. Alternatively, swamping might not occur where predators adjust rapidly and are not satiated by the degree of reproductive synchrony shown by prey (Aanes and Andersen 1996; Linnell and Andersen 1998; Testa et al. 2000) , and predation may favor both early and less synchronous birthing (Ims 1990) .
If predation favors earlier births in birthpulse populations (and assuming heritable variation in birth timing exists), then for stability and synchrony in birthing to occur, selection to counter directional impact from predators against late-born offspring must come from other ecological pressures. Factors affecting winter mortality, such as plant phenology, were not included in the hypothesis presented here but are acknowledged as critical determinants of birthing seasonality, especially in northern ungulates (Bowyer et al. 1998b; Bunnell 1982; Linnell et al. 1995; Rutberg 1987) . However, behavioral trade-offs in habitat selection for forage quality or predator avoidance support the importance of predation to parturient mammals (Berger 1991; Bleich et al. 1997; Bowyer et al. 1998a; Kie 1999) . Therefore, models predicting optimum birthing date from nutritional factors alone (Bunnell 1982; Di Bitetti and Janson 2000) may predict later births than those observed, because of selection from predation on late-born neonates. Also, unless the study is conducted over many seasons, the episodic nature of many weather events affecting thermoregulation or plant phenology and availability to herbivores during lactation probably limits our ability to detect directionality of selection on birthing dates due to these factors.
The analogy with simple, time-delayed predator-prey models may also fail where more complicated predator-prey relationships and behavior occur. Examples could include the alternating occurrence of multiple predators with varying effectiveness on young (Adams et al. 1995) or prey strategies, such as nesting or coloniality, that cause the vulnerability or value of juvenile prey to increase or fluctuate with age. The hypothesis and models presented here were formulated for moose and brown bears, but the principles were intended to be general so that the title question could be extended to other taxa wherever the underlying assumptions about vulnerability and predation apply.
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